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Quantifying Clustering
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Luminous Red Galaxies

  Luminous ➣ Enable large volume limited samples
  Not too rare  n(z)∼ 3⋅10-4 (hMpc-1)3 
  Trace Matter well, “bias” (clustering gain) bLin~ 2 
  Easy to identify by color cuts, spectra

The Clustering of Luminous Red Galaxies in the Sloan Digital Sky Survey Imaging Data 3

sky in photometric conditions (Hogg et al. 2001), using a
2.5m telescope (Gunn et al. 2006) in five bands (ugriz)
(Fukugita et al. 1996; Smith et al. 2002) using a specially
designed wide-field camera (Gunn et al. 1998). Using these
data, objects are targeted for spectroscopy (Richards et al.
2002; Blanton et al. 2003) and are observed with a 640-
fiber spectrograph on the same telescope. All of these
data are processed by completely automated pipelines that
detect and measure photometric properties of objects,
and astrometrically calibrate the data (Lupton et al. 2001;
Pier et al. 2003; Ivezić et al. 2004). The first phase of the
SDSS is complete and has produced five major data re-
leases (Stoughton et al. 2002; Abazajian et al. 2003, 2004,
2005; Adelman-McCarthy et al. 2006)1. This paper uses all
data observed through Fall 2003 (corresponding approxi-
mately to SDSS Data Release 3), reduced as described by
Finkbeiner et al. (2004).

2.2 Photometric Calibration

Measurements of large scale structure with a photometric
survey require uniform photometric calibrations over the en-
tire survey region. Traditional methods of calibrating imag-
ing data involve comparisons with secondary “standard”
stars. The precision of such methods is limited by transfor-
mations between different photometric systems, and there
is no control over the relative photometry over the entire
survey region. The approach we adopt with these data is
to use repeat observations of stars to constrain the pho-
tometric calibration of SDSS “runs”, analogous to CMB
map-making techniques (see eg. Tegmark 1997a). Since all
observations are made with the same telescope, there are
none of the uncertainties associated with using auxiliary
data. Also, using overlaps allows one to control the rela-
tive calibration over connected regions of survey. The only
uncertainty is the overall zeropoint of the survey, which we
match to published SDSS calibrations. The above method
has been briefly described by Finkbeiner et al. (2004) and
Blanton et al. (2005), and will be explained in detail in a
future publication.

2.3 Defining Luminous Red Galaxies

Tracers of the large scale structure of the Universe must sat-
isfy a number of criteria. They must probe a large cosmolog-
ical volume to overcome sample variance, and have a high
number density so shot noise is sub-dominant on the scales
of interest. Furthermore, it must be possible to uniformly
select these galaxies over the entire volume of interest. Fi-
nally, if spectroscopic redshifts are unavailable, they should
have well characterized photometric redshifts (and errors),
and redshift distributions.

The usefulness of LRGs as a cosmological probe has long
been appreciated (Gladders & Yee 2000; Eisenstein et al.
2001). These are typically the most luminous galaxies in
the Universe, and therefore probe cosmologically interest-
ing volumes. In addition, these galaxies are generically

1 URL: www.sdss.org/dr4

Figure 1. A model spectrum of an elliptical galaxy, taken from
Bruzual & Charlot (2003), shown at three redshifts. The model
assumes a single burst of star formation 11 Gyr ago and solar
metallicity; the effect of evolution is not shown for simplicity. Also
overplotted are the response functions (including atmospheric ab-
sorption) for the five SDSS filters. The break in the spectrum at
4000 Å, and its migration through the SDSS filters is clearly seen.

old stellar systems with uniform spectral energy distri-
butions (SEDs) characterized principally by a strong dis-
continuity at 4000 Å(Fig. 1). This combination of a uni-
form SED and a strong 4000 Å break make LRGs an
ideal candidate for photometric redshift algorithms, with
redshift accuracies of σz ∼ 0.03 (Padmanabhan et al.
2005a). LRGs have been used for a number of studies
(Hirata et al. 2004; Eisenstein et al. 2005a; Zehavi et al.
2005; Padmanabhan et al. 2005b), most notably for the de-
tection of the baryonic acoustic peak in the galaxy autocor-
relation function (Eisenstein et al. 2005b)

The photometric selection criteria we adopt were dis-
cussed in detail by Padmanabhan et al. (2005a) and are
summarized below. We start with a model spectrum of an
early type galaxy from the stellar population synthesis mod-
els of Bruzual & Charlot (2003) (Fig. 1). This particular
spectrum is derived from a single burst of star formation
11 Gyr ago (implying a redshift of formation, zform ∼ 2.6),
evolved to the present, and is typical of LRG spectra. In
particular, the 4000 Å break is very prominent. To motivate
our selection criteria, we passively evolve this spectrum in
redshift (taking the evolution of the strength of the 4000
Å break into account), and project it through the SDSS
filters; the resulting colour track in g− r− i space as a func-
tion of redshift is shown in Fig. 2. The bend in the track
around z ∼ 0.4, as the 4000 Å break redshifts from the g
to r band, naturally suggests two selection criteria – a low
redshift sample (Cut I), nominally from z ∼ 0.2 − 0.4, and
a high redshift sample (Cut II), from z ∼ 0.4 − 0.6. We
define the two colours (Eisenstein et al. 2001, and private
commun.)

c⊥ ≡ (r − i) − (g − r)/4 − 0.18 , (1)

c© 0000 RAS, MNRAS 000, 000–000
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The Sloan Digital Sky Survey 
LRG Sample

>100,00 LRGs between 0.16<z<0.47
  Sky Coverage ~8,000 degree2

  Comoving Volume 1.6 h-3Gpc3 of which:
       quasi-volume Limited until  
       z<0.36 (0.66 h-3Gpc3)

sdss.org

Legacy DR7 Spectral Sky Coverage 
(Aitoff projection of Equatorial coordinates)z

n(z)
[10-4h3Mpc-3]

quasi-
volume
limited

flux
limited

sample available at:   http://cosmo.nyu.edu/~eak306/SDSS-LRG.html

comoving density

http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
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The Baryonic Acoustic Feature
Linear Theory

WMAP 7-year Cosmological Interpretation 13

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.

Here, rs is the comoving sound horizon size at the
baryon drag epoch zd,

rs(zd) =
c√
3

∫ 1/(1+zd)

0

da

a2H(a)
√

1 + (3Ωb/4Ωγ)a
. (15)

For zd, we use the fitting formula proposed by
Eisenstein & Hu (1998). The effective distance
measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) ≡
[

(1 + z)2D2
A(z)

cz

H(z)

]1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:

DA(z) =
c

H0

fk
[

H0

√

|Ωk|
∫ z
0

dz′

H(z′)

]

(1 + z)
√

|Ωk|
, (17)

where fk[x] = sinx, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.

Larson et al. (2010)CMB T-T

Feature in the early universe:
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Baryonic Acoustic Origins
Plots by Daniel Eisenstein
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The Baryonic Acoustic Feature
Linear Theory

WMAP 7-year Cosmological Interpretation 13

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.

Here, rs is the comoving sound horizon size at the
baryon drag epoch zd,

rs(zd) =
c√
3
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0
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√

1 + (3Ωb/4Ωγ)a
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For zd, we use the fitting formula proposed by
Eisenstein & Hu (1998). The effective distance
measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) ≡
[
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cz
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]1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:
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where fk[x] = sinx, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.
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The Baryonic Acoustic Feature
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WMAP 7-year Cosmological Interpretation 13

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.
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For zd, we use the fitting formula proposed by
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(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
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Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.
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by
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where fk[x] = sinx, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
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Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
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to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.
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measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) ≡
[

(1 + z)2D2
A(z)

cz

H(z)

]1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:

DA(z) =
c

H0

fk
[

H0

√

|Ωk|
∫ z
0

dz′

H(z′)

]

(1 + z)
√

|Ωk|
, (17)

where fk[x] = sinx, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.

dτ≡(1+z)dt=1/(H(z))dz
zdec,τdec conformal time and redshift at photon-baryon decoupling

Larson et al. (2010)

r  [h-1Mpc]

ξ(r)
z=0, 0.3, 0.6, 1, 2, 20

CMB T-T

cs(z)=c/√[3(1+R)]
R(z)≡0.75ρb/ρϒ

sound speed

baryon to photon ratio

Matter Clustering

Feature in the early universe:

Feature in the late universe:

sound horizon

rs(zdec)=∫csdτ=∫cs/H(z’)dz’
inifinity

zdec

0

τdec
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The Baryonic Acoustic Feature
in Late Universe (reality check)

 Nonlinear clustering
  Galaxy bias
  Redshift Distortions
  Assuming cosmology

Deviations from linear theory
(laundry list)
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matter real space, non-linear
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matter real space,       linear

δgal≈bLinδ
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 Nonlinear clustering
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Deviations from linear theory
(laundry list)

r  [Mpc]

ξ(r)

galaxies z-space    , non-linear

matter real space, non-linear
galaxies real space, non-linear

matter real space,       linear

 Volume of sample
  Density of sample n

S/N (ξ /σ) depends on 

σ∝  (√V-1)(P(k)+n-1)

δgal≈bLinδ
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of the catalogue, which includes 6 × 105 objects over 5,914
deg2. The main conclusions of our study are:

• We measured angular power spectra in a series of photo-
z slices of width ∆z = 0.05 from z = 0.45 to z = 0.65.
The errors in the C! spectra were tested with Monte Carlo
realizations and with a “bootstrap” analysis in sub-fields.
A simple Gaussian approximation was determined to be an
accurate approximation to the error in C! over the scales of
interest.

• The angular power spectra are well-fitted by model
spatial power spectra with consistent cosmological param-
eters Ωm ≈ 0.27, fb ≈ 0.17, H0 = 75 km s−1 Mpc−1 and
nscalar = 1 over the series of redshift slices.

• Combining the results for the different redshift slices
with appropriate covariances results in a measurement of
Ωmh = 0.195 ± 0.023 and Ωb/Ωm = 0.16 ± 0.036 (for fixed
values of H0 and nscalar, marginalizing over σ8 and b). These
measurements agree with the latest analysis of the Cosmic
Microwave Background radiation (the 3-year results of the
Wilkinson Microwave Anisotropy Probe, see Spergel et al.
2006). The measurements from the CMB data alone are
Ωmh = 0.17 ± 0.03 and Ωb/Ωm = 0.18 ± 0.01.

• These results agree very well with a parallel investi-
gation of a similar dataset carried out by Padmanabhan
et al. (2006) using a different photometric-redshift estima-
tion method and power spectrum analysis procedure. Pad-
mananhan et al. quote cosmological parameter fits Ωmh =
0.21± 0.021 and Ωb/Ωm = 0.18± 0.04, in both cases within
1-σ of our results.

• We detect visual suggestions of baryon oscillations with
a statistical significance of less than 3-σ.

• We performed a direct re-construction of the spatial
power spectrum using a Fourier analysis which only retains
large-scale radial components. We demonstrated that this
method produces results which are consistent with the best-
fitting model for the angular power spectrum analysis.

• We searched for evidence of systematic photometric er-
rors in the catalogue using a variety of tests, and were unable
to identify any significant effects.

• We measure a hint of excess power relative to the best-
fitting cosmological model on the largest scales (the lowest
multipole bands in the four redshift slices in Figure 10). If
confirmed, this excess power has a range of possible causes:
(1) residual systematic errors; (2) cosmic variance; (3) large-
scale galaxy biasing mechanisms; (4) new early-Universe
physics.

The cosmological parameter measurements we obtain
from the large-scale clustering of this photometric redshift
catalogue have a similar precision to those derived from the
latest spectroscopic redshift surveys, despite the weaker red-
shift information. For example, Cole et al. (2005) report
Ωmh = 0.17±0.02 and Ωb/Ωm = 0.19±0.05 from an analy-
sis of the final 2dF Galaxy Redshift Survey, fixing the Hub-
ble parameter h and scalar index of primordial fluctuations
nscalar in a manner similar to our analysis. We therefore con-
clude that photometric redshift surveys have become com-
petitive with spectroscopic surveys for the measurement of
cosmological parameters using the large-scale clustering pat-
tern in the simple “vanilla” model.
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deg2. The main conclusions of our study are:

• We measured angular power spectra in a series of photo-
z slices of width ∆z = 0.05 from z = 0.45 to z = 0.65.
The errors in the C! spectra were tested with Monte Carlo
realizations and with a “bootstrap” analysis in sub-fields.
A simple Gaussian approximation was determined to be an
accurate approximation to the error in C! over the scales of
interest.

• The angular power spectra are well-fitted by model
spatial power spectra with consistent cosmological param-
eters Ωm ≈ 0.27, fb ≈ 0.17, H0 = 75 km s−1 Mpc−1 and
nscalar = 1 over the series of redshift slices.

• Combining the results for the different redshift slices
with appropriate covariances results in a measurement of
Ωmh = 0.195 ± 0.023 and Ωb/Ωm = 0.16 ± 0.036 (for fixed
values of H0 and nscalar, marginalizing over σ8 and b). These
measurements agree with the latest analysis of the Cosmic
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method produces results which are consistent with the best-
fitting model for the angular power spectrum analysis.

• We searched for evidence of systematic photometric er-
rors in the catalogue using a variety of tests, and were unable
to identify any significant effects.

• We measure a hint of excess power relative to the best-
fitting cosmological model on the largest scales (the lowest
multipole bands in the four redshift slices in Figure 10). If
confirmed, this excess power has a range of possible causes:
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from the large-scale clustering of this photometric redshift
catalogue have a similar precision to those derived from the
latest spectroscopic redshift surveys, despite the weaker red-
shift information. For example, Cole et al. (2005) report
Ωmh = 0.17±0.02 and Ωb/Ωm = 0.19±0.05 from an analy-
sis of the final 2dF Galaxy Redshift Survey, fixing the Hub-
ble parameter h and scalar index of primordial fluctuations
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cosmological parameters using the large-scale clustering pat-
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LasDamas Mock Simulations

  We use: 160 SDSS-II  
     mock LRG realizations

  Emphasize on many
     observational effects:

 Light-cone, z-space
 SDSS-II geometry
 Radial selection function

 Results in most 
realistic uncertainties 
of clustering measurements 
to date

http://lss.phy.vanderbilt.edu/lasdamas/

  Large Suite of DM sims

McBride et al. ; in prep.
s  [h-1Mpc]

ξ(s~ BA feature scale)
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Hand Picked mock realizations

 SDSS-II volume mock catalogs indicate a >10% chance of not detecting an apparent signature
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Hand Picked mock realizations

 SDSS-II volume mock catalogs indicate a >10% chance of not detecting an apparent signature
-based on mock catalogs provided by LasDamas (McBride et al.; in prep) and Horizon-Run mocks (Kim et al. 2009)-

 ~45% (75 of  160) of realizations do show indication of a clear peak 

Baryonic Acoustic Feature in SDSS LRGs 
MONOPOLE

 SDSS-II LRGs do reveal a Baryonic Acoustic Feature 
     in various redshifts and luminosity cuts 
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The Baryonic Acoustic Feature
as a Standard Ruler

 Early Universe (zdec∼1090): 
     CMB temp fluctuations determines 
     rs∼147 Mpc  (δrs/rs ∼1.3%; Komatsu et al. 2009)

  Late Universe : 
     Galaxy Clustering (z∼ 0.3, 0.6) 
     QSOs Lyman-α Forest (z∼ 2.5) 

1°

(1+z)α DA

rs(zdec)

Δχ
=cΔz/H(z)

α

Surface of last scattering
z~1100
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Baryonic Acoustic Feature on (and off) the
Line of Sight 

New Mexico (and, eventually, my desktop)

χ(z)

z

z+Δz

s⊥

Δα

s||

χ=c∫dz’/H(z’)

comoving
s⊥=ΔαDA(1+z)
s||=Δχ

yields ...

∫dz’/H(z’)=s⊥ /Δα/c

s⊥ constrains integral (a lot of degeneracy) 

H(〈z〉)∼cΔz/s|| 

DA=χ/(1+z)

defining

measuring

meaning

measurable with BA feature
known knowns...

s|| constrains H at a specific redshift!  
     Can constrain expansion rate!!

transverse feature

line of sight feature

comoving distance

angular distance (not comoving!)

d=cz/H0 Hubble’s Law for proper distance

χ=d(1+z)
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BUT....
Line of sight signal is Noisy

(I will show this soon... promise...)
SO....

by using the 
angle averaged signal 
〈ξ〉(aka monopole),

〈ξ〉≡ ∫ ξ(s,θ)sin(θ)dθ

s θ

we measure the Volume Average (effective) Distance
DV(z)=[(1+z)2DA2c/H(z)] 1/3

∝[s⊥
2s||]1/3

meaning〈ξ〉 constrains DA2/H(z)
Eyal Kazin,  INPA JC, Berkeley, March 5th 2010



Pinpointing Baryonic Acoustic Feature Peak 
in SDSS LRGs Monopole

α=1.046

λ=0.96
χ2=23.94 (19 dof)

ξmodel=λξNL-theory(α·s)

 1σ uncertainties due to sample variance

sp
NL-theory=

106.3±3.2 h-1Mpc

s  [h-1Mpc]
 Peak position measured at

   sp=101.6±3.0 h-1Mpc 

ξ(s)

sp  [h-1Mpc]

Peak Position Distribution in mocks
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 Peak position yields
     rs/Dv=0.1389±0.043*@〈z〉=0.278

 Applying rs=153.3 Mpc (WMAP5; Komatsu et al.) 
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ABSTRACT

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc3/h3 to z=0.47. The 2-point correlation func-
tion ξ(σ, π) is estimated as a function of perpendicular σ and line-of-sight π (radial)
directions. We find a significant detection of a peak at r ! 110Mpc/h, which shows as
a circular ring in the σ−π plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A ξ(σ, π) model with no radial BAO peak
is disfavored at 3.2σ, whereas a model with no magnification bias is disfavored at
2σ. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial
direction, we find: H(z = 0.24) = 79.69± 2.32(±1.29) km/s/Mpc for z=0.15-0.30 and
H(z = 0.43) = 86.45 ± 3.27(±1.69) km/s/Mpc for z = 0.40 − 0.47. The first error is
a model independent statistical estimation and the second accounts for systematics
both in the measurements and in the model. For the full sample, z = 0.15 − 0.47, we
find H(z = 0.34) = 83.80 ± 2.96(±1.59) km/s/Mpc.

1 INTRODUCTION

Luminous red galaxies (LRG’s) are selected by color and
magnitude to obtain intrinsically red galaxies in SDSS
(Eisenstein etal 2001). These galaxies trace a big volume,
around 1 Gpc3h−3, which makes them ideal for studying
clustering on large scales (see Hogg et al. 2005). Attention
has been paid especially to the baryon acoustic peak around
a scale of 100 Mpc/h, because of its value as a standard ruler.
In Eisenstein etal (2005) the baryon acoustic peak was de-
tected in the spherically averaged two-point correlation func-
tion (i.e. the monopole) using LRG’s from an earlier SDSS
release (about half the size of the final data). Both 2dFGRS
and SDSS spectroscopic redshift surveys have been used
to constrain cosmological parameters via the galaxy power
spectrum (Eisenstein et al. 2004; Sánchez et al. 2006), in-
cluding information from the baryon acoustic feature (Hütsi
2006a,b; Percival et al. 2007; Sanchez et al. 2009). Photo-
metric LRG catalogs cover a larger volume and larger den-
sities and have also been used to obtain cosmological con-
straints (Padmanabhan et al. 2007; Blake et al. 2007).

In this paper, as in Papers I (Cabré & Gaztañaga
2009a) and II (Cabré & Gaztañaga 2009b) of this series, we

focus on the LRG’s anisotropic redshift space correlation
function ξ(σ, π), where π is the line-of-sight (LOS) or ra-
dial separation and σ is the transverse separation. There are
three sources of anisotropy at scales larger than 40Mpc/h.
It is well known that peculiar motion distorts the correla-
tion function anisotropically (Kaiser 1987). It is also well
known that assuming the wrong background cosmology will
lead to an anisotropic ξ (Alcock & Paczynski 1979). What
is under-appreciated is that gravitational lensing also in-
troduces an anisotropy of its own to the galaxy correlation
function (Matsubara 2000b; Hui et al. 2007, 2008). In this
paper, we will present evidence of this lensing distortion in
the LOS direction.

A distinct focus of this paper in the series is on the
baryon acoustic oscillation (BAO) feature in σ − π plane.
In principle, it can be used as a standard ruler to measure
both the Hubble expansion rate H(z), via its observed red-
shift span in the radial direction, and the angular diameter
distance DA(z), via its observed angular size in the trans-
verse direction (Blake & Glazebrook 2003; Seo & Eisenstein
2005). We will implement this idea to measure H(z). We are
aided in this endeavor by two effects. Redshift distortions
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2Institute for Strings, Cosmology and Particle Physics, Columbia Astrophysics Laboratory, and Department of Physics,

Columbia University, New York, NY 10027, U. S. A.

16 July 2009

ABSTRACT

We study the clustering of LRG galaxies in the latest spectroscopic SDSS data releases,
DR6 and DR7, which sample over 1 Gpc3/h3 to z=0.47. The 2-point correlation func-
tion ξ(σ, π) is estimated as a function of perpendicular σ and line-of-sight π (radial)
directions. We find a significant detection of a peak at r ! 110Mpc/h, which shows as
a circular ring in the σ−π plane. There is also significant evidence for a peak along the
radial direction whose shape is consistent with its originating from the recombination-
epoch baryon acoustic oscillations (BAO). A ξ(σ, π) model with no radial BAO peak
is disfavored at 3.2σ, whereas a model with no magnification bias is disfavored at
2σ. The radial data enable, for the first time, a direct measurement of the Hubble
parameter H(z) as a function of redshift. This is independent from earlier BAO mea-
surements which used the spherically averaged (monopole) correlation to constrain
an integral of H(z). Using the BAO peak position as a standard ruler in the radial
direction, we find: H(z = 0.24) = 79.69± 2.32(±1.29) km/s/Mpc for z=0.15-0.30 and
H(z = 0.43) = 86.45 ± 3.27(±1.69) km/s/Mpc for z = 0.40 − 0.47. The first error is
a model independent statistical estimation and the second accounts for systematics
both in the measurements and in the model. For the full sample, z = 0.15 − 0.47, we
find H(z = 0.34) = 83.80 ± 2.96(±1.59) km/s/Mpc.

1 INTRODUCTION

Luminous red galaxies (LRG’s) are selected by color and
magnitude to obtain intrinsically red galaxies in SDSS
(Eisenstein etal 2001). These galaxies trace a big volume,
around 1 Gpc3h−3, which makes them ideal for studying
clustering on large scales (see Hogg et al. 2005). Attention
has been paid especially to the baryon acoustic peak around
a scale of 100 Mpc/h, because of its value as a standard ruler.
In Eisenstein etal (2005) the baryon acoustic peak was de-
tected in the spherically averaged two-point correlation func-
tion (i.e. the monopole) using LRG’s from an earlier SDSS
release (about half the size of the final data). Both 2dFGRS
and SDSS spectroscopic redshift surveys have been used
to constrain cosmological parameters via the galaxy power
spectrum (Eisenstein et al. 2004; Sánchez et al. 2006), in-
cluding information from the baryon acoustic feature (Hütsi
2006a,b; Percival et al. 2007; Sanchez et al. 2009). Photo-
metric LRG catalogs cover a larger volume and larger den-
sities and have also been used to obtain cosmological con-
straints (Padmanabhan et al. 2007; Blake et al. 2007).

In this paper, as in Papers I (Cabré & Gaztañaga
2009a) and II (Cabré & Gaztañaga 2009b) of this series, we

focus on the LRG’s anisotropic redshift space correlation
function ξ(σ, π), where π is the line-of-sight (LOS) or ra-
dial separation and σ is the transverse separation. There are
three sources of anisotropy at scales larger than 40Mpc/h.
It is well known that peculiar motion distorts the correla-
tion function anisotropically (Kaiser 1987). It is also well
known that assuming the wrong background cosmology will
lead to an anisotropic ξ (Alcock & Paczynski 1979). What
is under-appreciated is that gravitational lensing also in-
troduces an anisotropy of its own to the galaxy correlation
function (Matsubara 2000b; Hui et al. 2007, 2008). In this
paper, we will present evidence of this lensing distortion in
the LOS direction.

A distinct focus of this paper in the series is on the
baryon acoustic oscillation (BAO) feature in σ − π plane.
In principle, it can be used as a standard ruler to measure
both the Hubble expansion rate H(z), via its observed red-
shift span in the radial direction, and the angular diameter
distance DA(z), via its observed angular size in the trans-
verse direction (Blake & Glazebrook 2003; Seo & Eisenstein
2005). We will implement this idea to measure H(z). We are
aided in this endeavor by two effects. Redshift distortions
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Summary

Apparent in LRG clustering, and consistent with ΛCDM cosmology. 
Can be used to measure distance to z~0.28 at accuracy of 3%
Prediction: Strong signal at s~130 h-1Mpc will not appear in BOSS

  Baryonic Acoustic Feature in SDSS-II ξ Monopole

  Baryonic Acoustic Feature in Line of Sight ξ
 Not measurable in SDSS-II due to lack of modes  
 Will be noisy in BOSS when restricting to thin angular slice (θ<3°)
 Using wider wedges- BOSS will be able to be distinguished from

       transverse signal, enabling disentanglement of H(z) and DA(z)

Redshift Distortions in Clustering
 Yields σβ/β~10% @ z~0.28 (sample variance)
 Cosmological constraints

“All astronomers do these days is count photons, galaxies and citations”, M.R.B
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 Will be noisy in BOSS when restricting to thin angular slice (θ<3°)
 Using wider wedges- BOSS will be able to be distinguished from

       transverse signal, enabling disentanglement of H(z) and DA(z)

Redshift Distortions in Clustering
 Yields σβ/β~10% @ z~0.28 (sample variance)
 Cosmological constraints

“All astronomers do these days is count photons, galaxies and citations”, M.R.B
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Luminous Red Galaxies

  Luminous ➣ Enable large volume limited samples
  Not too rare  n(z)∼ 3⋅10-4 (hMpc-1)3 
  Trace Matter well, “bias” (clustering gain) bLin~ 2 
  Easy to identify by color cuts, spectra
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sky in photometric conditions (Hogg et al. 2001), using a
2.5m telescope (Gunn et al. 2006) in five bands (ugriz)
(Fukugita et al. 1996; Smith et al. 2002) using a specially
designed wide-field camera (Gunn et al. 1998). Using these
data, objects are targeted for spectroscopy (Richards et al.
2002; Blanton et al. 2003) and are observed with a 640-
fiber spectrograph on the same telescope. All of these
data are processed by completely automated pipelines that
detect and measure photometric properties of objects,
and astrometrically calibrate the data (Lupton et al. 2001;
Pier et al. 2003; Ivezić et al. 2004). The first phase of the
SDSS is complete and has produced five major data re-
leases (Stoughton et al. 2002; Abazajian et al. 2003, 2004,
2005; Adelman-McCarthy et al. 2006)1. This paper uses all
data observed through Fall 2003 (corresponding approxi-
mately to SDSS Data Release 3), reduced as described by
Finkbeiner et al. (2004).

2.2 Photometric Calibration

Measurements of large scale structure with a photometric
survey require uniform photometric calibrations over the en-
tire survey region. Traditional methods of calibrating imag-
ing data involve comparisons with secondary “standard”
stars. The precision of such methods is limited by transfor-
mations between different photometric systems, and there
is no control over the relative photometry over the entire
survey region. The approach we adopt with these data is
to use repeat observations of stars to constrain the pho-
tometric calibration of SDSS “runs”, analogous to CMB
map-making techniques (see eg. Tegmark 1997a). Since all
observations are made with the same telescope, there are
none of the uncertainties associated with using auxiliary
data. Also, using overlaps allows one to control the rela-
tive calibration over connected regions of survey. The only
uncertainty is the overall zeropoint of the survey, which we
match to published SDSS calibrations. The above method
has been briefly described by Finkbeiner et al. (2004) and
Blanton et al. (2005), and will be explained in detail in a
future publication.

2.3 Defining Luminous Red Galaxies

Tracers of the large scale structure of the Universe must sat-
isfy a number of criteria. They must probe a large cosmolog-
ical volume to overcome sample variance, and have a high
number density so shot noise is sub-dominant on the scales
of interest. Furthermore, it must be possible to uniformly
select these galaxies over the entire volume of interest. Fi-
nally, if spectroscopic redshifts are unavailable, they should
have well characterized photometric redshifts (and errors),
and redshift distributions.

The usefulness of LRGs as a cosmological probe has long
been appreciated (Gladders & Yee 2000; Eisenstein et al.
2001). These are typically the most luminous galaxies in
the Universe, and therefore probe cosmologically interest-
ing volumes. In addition, these galaxies are generically

1 URL: www.sdss.org/dr4

Figure 1. A model spectrum of an elliptical galaxy, taken from
Bruzual & Charlot (2003), shown at three redshifts. The model
assumes a single burst of star formation 11 Gyr ago and solar
metallicity; the effect of evolution is not shown for simplicity. Also
overplotted are the response functions (including atmospheric ab-
sorption) for the five SDSS filters. The break in the spectrum at
4000 Å, and its migration through the SDSS filters is clearly seen.

old stellar systems with uniform spectral energy distri-
butions (SEDs) characterized principally by a strong dis-
continuity at 4000 Å(Fig. 1). This combination of a uni-
form SED and a strong 4000 Å break make LRGs an
ideal candidate for photometric redshift algorithms, with
redshift accuracies of σz ∼ 0.03 (Padmanabhan et al.
2005a). LRGs have been used for a number of studies
(Hirata et al. 2004; Eisenstein et al. 2005a; Zehavi et al.
2005; Padmanabhan et al. 2005b), most notably for the de-
tection of the baryonic acoustic peak in the galaxy autocor-
relation function (Eisenstein et al. 2005b)

The photometric selection criteria we adopt were dis-
cussed in detail by Padmanabhan et al. (2005a) and are
summarized below. We start with a model spectrum of an
early type galaxy from the stellar population synthesis mod-
els of Bruzual & Charlot (2003) (Fig. 1). This particular
spectrum is derived from a single burst of star formation
11 Gyr ago (implying a redshift of formation, zform ∼ 2.6),
evolved to the present, and is typical of LRG spectra. In
particular, the 4000 Å break is very prominent. To motivate
our selection criteria, we passively evolve this spectrum in
redshift (taking the evolution of the strength of the 4000
Å break into account), and project it through the SDSS
filters; the resulting colour track in g− r− i space as a func-
tion of redshift is shown in Fig. 2. The bend in the track
around z ∼ 0.4, as the 4000 Å break redshifts from the g
to r band, naturally suggests two selection criteria – a low
redshift sample (Cut I), nominally from z ∼ 0.2 − 0.4, and
a high redshift sample (Cut II), from z ∼ 0.4 − 0.6. We
define the two colours (Eisenstein et al. 2001, and private
commun.)

c⊥ ≡ (r − i) − (g − r)/4 − 0.18 , (1)

c© 0000 RAS, MNRAS 000, 000–000

Padmanabhan et al. (2007)

based on Bruzual&Charlot (2003) model

λ [Ang]

Fλ
z=0.7

z=0.4

z=0.0

Eisenstein et al. (2001)
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Fig. 2.— As Figure 1, but for g − r versus r − i. Here, the redshift loci for different SEDs lie on top of one
another, indicating a photometric redshift degeneracy.

2.2. SDSS Photometry

Consistency tests within the SDSS data indicate that the relative photometry of the survey is very
good; however, the bandpasses of the filters are measured to be slightly different than designed (Fukugita et
al. 1996; Fan et al. 2001; Stoughton et al. 2001), and the zero-point of the magnitude systems, which were
intended to satisfy the AB95 convention, are still provisional. Hence, instead of referring to the magnitudes
as u, g, r, i, and z, we refer to the current photometric solutions, as codified in the Early Data Release
(Stoughton et al. 2001), as u∗, g∗, r∗, i∗, and z∗. This is a minor problem as regards the selection of
LRGs, since the final calibration will only change the zeropoints of the magnitude system and hence move
the selection cuts in easily calculable ways. However, at the time of this writing, the uncertainties over
the bandpass shape and zeropoints create difficulties regarding the interpretation of the LRG spectroscopy.
Because the sample spans a range of redshift, one must model the time-evolving SED of the galaxies in order
to make corrections for the redshifting of the bandpasses and the evolution of the stellar populations. Those
models do not produce colors that match our photometry, presumably in part because of some remaining
problems in our knowledge of the filter shapes and zeropoints. The models and the corrections we apply are
described in Appendix B.

LRG locus

g-r

z=0.6
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Some Cosmography

χ(z) =c∫dz’/H(z’)
0

z

Hubble Equation; 
assumptions: 

low z’s
vH<<c

Comoving 
distances

generalized

Assuming flat ΛCDM H(z)=H0{ΩM(1+z)3 + ΩΛf(z)}0.5 

cz=vH=H0d=H0χ/(1+z)

w≡PΛ/ρΛ
f(z)≡exp[3∫dz’(1+w(z’))/(1+z’)]

0

zwhere

equation of state

expansion rate



Some Cosmography
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Redshift Distortions

Benítez et al. (2008)

real space

z-space
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Fig. 2.— Sytematic effects in the lightcone: panels show a 1 Mpc/h thick section of the
lightcone distribution in MICE3072 in comoving coordinates. The two bottom panels corre-

sponds to the actual dark matter distribution in the simulation in real (bottom) and redshift
space (upper panels). The top two panels also include a (Gaussian distributed) photo-z error

distortion of σz = 0.003(1 + z), as expected from PAU galaxies, and an order-of-magnitude
worse case, σz = 0.03(1 + z). The BAO scale is shown by a section of circle with radius 100

Mpc/h around the observer.

h-1Mpc

h-1Mpc

BA scale at
100h-1Mpc

from observer

– 41 –

Fig. 2.— Sytematic effects in the lightcone: panels show a 1 Mpc/h thick section of the
lightcone distribution in MICE3072 in comoving coordinates. The two bottom panels corre-

sponds to the actual dark matter distribution in the simulation in real (bottom) and redshift
space (upper panels). The top two panels also include a (Gaussian distributed) photo-z error

distortion of σz = 0.003(1 + z), as expected from PAU galaxies, and an order-of-magnitude
worse case, σz = 0.03(1 + z). The BAO scale is shown by a section of circle with radius 100

Mpc/h around the observer.
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Fig. 2.— Sytematic effects in the lightcone: panels show a 1 Mpc/h thick section of the
lightcone distribution in MICE3072 in comoving coordinates. The two bottom panels corre-
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distortion of σz = 0.003(1 + z), as expected from PAU galaxies, and an order-of-magnitude
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The Alcock&Paczynski Effect
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L4(μ)=0.125(35μ2-30μ+3)

Kaiser 1987:  Spherical Harmonics

k θ

and

Pgal
(S)(k,μ)=(1+βμ2)2 Pgal(k) 

Pgal
(S)(k,μ)= L0(μ)P0

(S)(k)+L2(μ)P2
(S)(k)+L4(μ)P4

(S)(k)

Quantifying the 
Squashing Effect

where

B0(β)≡(1+2/3β+1/5β2)

B2(β)≡(4/3β+4/7β2)
B4(β)≡8/35β2

Legendre Polynomials
L0(μ)=1

L2(μ)=0.5(3μ2-1)

Pl(k)=0.5(2l+1)∫P(μ’,k)Ll(μ’) dμ’

f≡dln(D1)/dln(a)

μ≡cos(θ)

β≡f/b1

δgal≈b1δ
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P4
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observables!



What Should We Expect from BOSS?



What Should We Expect from BOSS?

Full sampleξ(rp<5.5 h-1Mpc,s)

π [h-1Mpc]

BOSS (prediction) 
using Horizon-Run (z<0.6)

DR7 Line of Sight (z<0.47)

BOSS Monopole (z<0.6)

Gaztañaga et al. (2009)
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